The effects of different classes of amino acids known to be transported and utilized by pancreatic B-cells were examined using the novel glucose-responsive pancreatic B\ x=r eq-\ cell line, BRIN-BD11. Amino acids tested included
Introduction
Since the pioneering work oí Floyd et al. (1963) it has been increasingly established that various metabolizable and non-metabolizable amino acids induce insulin release both in vivo and in vitro (see recent review by Yada 1994).
Amino acids represent an important class of nutrient which may be grouped according to electrical and meta¬ bolic aspects and also by the transport systems utilized in their uptake (see reviews by Guidotti et al. 1978 , Collarini & Oxender 1987 , McGivan & Pastor-Anglada 1994 .
Various studies have indicated that, like many other cell types, the pancreatic B-cell expresses a number of distinct amino acid transport systems (Hellman et al. 1971a ,b, Prentki & Renold 1983 . Among the most important of these are the so-called systems A, ASC, L and Gly, responsible for the transport of a wide range of amino acids including: -aminoisobutyric acid, L-alanine, L-arginine, L-glutamine, glycine, L-leucine, L-lysine, L-proline and L-serine (Hellman et al. 1971b , Christensen & Handlogten 1981 , Prentki & Renold 1983 . These amino acids share a number of transport systems and are rapidly accumulated within the B-cell (Hellman et al. 1971a ,b, Briel et al. 1972 . Various amino acids are co-transported with Na as a prerequisite for their uptake (Hellman et al. 1971b , Kakuda & MacLeod 1994 . The stimulatory action of amino acids on insulin secretion can largely be attributed to three possible mechanisms: metabolism with generation of ATP, uptake of cationic amino acids resulting in membrane depolarization, and depolarization of mem¬ brane through co-transport with Na (Yada 1994 Figure 1 Effects of (A) 1 mmol/l amino acids or (B) 10 mmol/l amino acids on insulin release at 1-1 or 16-7 mmol/l glucose. Following 40 min of preincubation, the effects of amino acids were tested during a 20-min incubation period. Values are means ± s.e.m. for six separate observations. *P<0-05, **P<0-01, ***P<0001 comparing the effects of 16-7 versus 1-1 mmol/l glucose in the absence or presence of amino acid; <0 5, <0 1, <0·001 compared with incubations at the same glucose concentration but lacking amino acid. AIB, -aminoisobutyric acid; Ala, t-alanine; Arg, L-arginine; Glu, L-glutamine; Gly, glycine; Leu, L-leucine; Lys, L-lysine; Pro, L-proline; Ser, L-serine. acids, with the exception of L-glutamine, stimulated significant 1-4-to 5-7-fold (P<0-05) increases in insulin release compared with 16-7 mmol/1 glucose alone (Fig. IB) .
In the presence of 10 mmol/1 amino acid, raising the glucose concentration from IT to 16-7 mmol/1 signifi¬ cantly increased insulin release in all instances (T7-to 2-8-fold; P<0-01) with the exception of L-glutamine, glycine and L-serine (Fig. IB) . When tested at IT mmol/1 glucose, raising the amino acid concentration from 1 to 10 mmol/1 induced signifi¬ cant ( <0 1) 1-6-to 4T-fold insulin secretory responses in the case of L-alanine, L-glutamine, glycine and L-serine. However, in the presence of 16-7 mmol/1 glucose, raising the amino acid concentration to 10 mmol/1 induced significant (P<0-05) 1-3-to 3-0-fold increases in insulin output in all cases except L-glutamine (Fig. 1) .
Effects ofglyceraldehyde and amino acids on insulin release To study the role of metabolic events in the amino acid-induced insulin response, the effects of 10 mmol/1 amino acids were tested in the presence of IT mmol/1 glucose and 10 mmol/1 glyceraldehyde (Fig. 2) . In the absence of amino acids, glyceraldehyde significantly (two¬ fold; P<0-001) enhanced insulin output. Glyceraldehyde also significantly enhanced amino acid-induced insulin secretion (1-4-to 1-8-fold; <0 1) with the exceptions of L-arginine, glycine, L-lysine and L-proline. In the presence of 10 mmol/1 glyceraldehyde (serving as a control), the only amino acids to show further significant increases in insulin output (2-1-to 3T-fold; P<0-05) were L-alanine, glycine and L-serine, indicating the influence of glycolysis on the secretory mechanism of these amino acids (Fig. 2) .
Effects of diazoxide on amino acid-induced insulin release at stimulatory glucose levels The effects of diazoxide on glucose-and amino acidinduced insulin release are shown in Fig. 3 . Diazoxide (300 µ / ) caused a significant decrease (T7-to 2-4-fold; P<0-01) in insulin release stimulated by glucose and each of the amino acids tested, with the exception of Effects of Ca flux on amino acid-induced insulin release In order to study the role of the voltage-dependent Ca channels in the glucose-and amino acid-induced insulin secretion, verapamil, a selective blocker of these channels was included in the test buffer. The effects of 20 pmol/l verapamil are shown in Fig. 4 . This agent served to abolish the effects of glucose and significantly reduced ( <0 5) the secretory response to all amino acids except L-glutamine and L-leucine (Fig. 4) . Although much diminished, insulinotropic actions of each amino acid were still demonstrable compared with control incubations with verapamil alone.
To evaluate the importance of extracellular Ca in the glucose and amino acid effects a Ca" -free buffer was used. The complete omission of Ca" abolished the stimulatory actions of glucose and all amino acids tested (Fig. 5) , indicating the key importance of Ca" in glucose-and amino acid-induced insulin release from the BRIN-BDII cells.
Discussion
The focus of the present study was to characterize further the novel clonai BRIN-BDII cell line (McClenaghan et al. 1996a ) and examine the insulinotropic activity of a number of amino acids known to be transported into the pancreatic B-cell (Hellman et al. 1971 , Briel et al. 1972 , Prentki & Renold 1983 . These include electrically neutral amino acids ( -aminoisobutyric acid, L-alanine, L-glutamine, L-leucine, L-proline and L-serine) and cationic amino acids (L-argimne and L-lysine), which possess positively charged side chains (Guidotti et al. 1978 , Collarini & Oxender 1987 <0·05, <0-001 compared with 300 µ / diazoxide in the absence of amino acid. All amino acids except Glu significantly ( <0·001) increased insulin release above 16-7 mmol/l glucose in the absence of diazoxide. AIB, -aminoisobutyric acid; Ala, L-alanine; Arg, L-arginine; Glu, L-glutamine; Gly, glycine; Leu, L-leucine; Lys, L-lysine; Pro, L-proline; Ser, L-serine. transport (Collarini & Oxender 1987) (Meglasson & Matschinsky 1986 , Henquin et al. 1992 . Raising the glucose concentration from IT to 16-7 mmol/1 evoked a significant insulin secretory response consistent with previous studies on the BRIN-BDII cells (McClenaghan et al. 1996 , Rasschaert et al. 1996 . When tested at a non-stimulatory ( When tested at non-stimulatory (IT mmol/1) glucose levels, raising the concentration of amino acid from 1 to 10 mmol/1 was only effective in significantly increasing insulin output in the case of L-alanine, L-glutamine, glycine and L-serine. However, at 16-7 mmol/1 glucose each amino acid, with the exception of glutamine, showed significant increases in insulin secretion with 10 mmol/1 compared with 1 mmol/1 amino acid. These findings indicate that many of the amino acids tested rely on the influence of a stimulatory glucose concentration for their insulinotropic actions on these cells. This confirms that amino acids may act, in a dose-dependent manner, both as initiators and potentiators of insulin secretion (Yada 1994) . Glucose may therefore act as a fuel through its metabolism, Figure 5 Effects of Ca2+ depletion on 10 mmol/l amino acid-induced insulin release in the presence of 16-7 mmol/l glucose. Following 40 min of preincubation, the effects of 10 mmol/l amino acid were tested during a 20-min incubation period. Values are means ± s.e.m. for six separate observations. ***P<0001 comparing the effects of Ca2+ omission versus 16-7 mmol/l glucose in the absence or presence of amino acid. All amino acids except Glu significantly (P<0-001) increased insulin release above 16-7 mmol/l glucose at 1-28 mmol/l Ca2+. AIB, -aminoisobutyric acid; Ala, L-alanine; Arg, L-arginine; Glu, L-glutamine; Gly, glycine; Leu, L-leucine; Lys, L-lysine; Pro, L-proline; Ser, L-serine.
an effect which may complement the uptake and utilization of certain amino acids. Although a major fuel in the pancreatic islet, L-glutamine did not promote glucose-induced insulin secretion, indicating a role in energy metabolism as opposed to insulin secretion in BRIN-BDII cells, consistent with the situation in normal pancreatic B-cells (Sener & Malaisse 1980) . Glucose has also been demonstrated to be instrumental in both promoting B-cell function and increasing insulin output, in the case of L-arginine and L-lysine (Charles et al. 1981) , L-alanine and -aminoisobutyric acid , L-leucine (Henquin & Meissner 1981) and glycine (Tengholm et al. 1992 ).
Glyceraldehyde, a trióse sugar known to stimulate insulin secretion from pancreatic B-cells (Hellman et mmol/l glucose in the absence of verapamil. AIB, -aminoisobutyric acid; Ala, L-alanine; Arg, L-arginine; Glu, L-glutamine; Gly, glycine; Leu, L-leucine; Lys, L-lysine; Pro, L-proline; Ser, L-serine.
-ATP channel contributes to the overall mechanism of amino acid-induced insulin secretion from BRIN-BDII cells. However, the amino acid effects were not totally abolished, indicating that mechanisms other than the -ATP channel must contribute to the amino acidinduced secretory effect.
Ca is known to play a central role in nutnent-induced insulin secretion (Hellman 1975, Hellman et (Berggren et al. 1994 , Soria et al. 1994 ). The effect of many amino acids, most notably L-arginine, L-alanine and L-leucine has been attributed to their effect on [Ca2+]¡ (Lebrun et al. 1982 , Charles & Henquin 1983 , Grapengeisser et al. 1989 , Dunne et al. 1990 ). Ca enters cells by a number of membrane-spanning channels which may be either voltage-sensitive or -insensitive (Lebrun et al. 1982ft, Ashcroft et al. 199A) . Blocking voltagedependent Ca channels using verapamil served to reduce both glucose-and amino acid-induced insulin secretion significantly in all cases except L-glutamine and the relatively weak stimulation induced by L-leucine. However, voltage-dependent Ca"+ channels, though clearly playing a role in the amino acid-induced insulin secretory process, were not central to their mechanism of action, as verapamil did not totally abolish amino acidinduced insulin secretion. A previous report indicated that some amino acids may show resistance to the effects of verapamil (Lebrun et al. 1982 ) . In this regard it is interesting to note that arginine is known to stimu¬ late Ca" inflow by gating voltage-insensitive Ca" channels and this may participate in the depolarizing action of the amino acid on the B-cell membrane (Herchuelz et al. 1984) . It is conceivable that other stimulatory amino acids which do not primarily act through the voltage-dependent Ca + channels may utilize similar approaches to promote Ca entry. Consistent with this view, the effects of all amino acids were abolished in the absence of extracellular Ca" , indicating the impor¬ tance of Ca" influx in the stimulatory effects of these amino acids , Dunne et al. 1990 
